Optimization of the Relay Selection Scheme in
Cooperative Retransmission Networks

Xin He and Frank Y. Li
Dept. of Information and Communication Technology, Unsisr of Agder (UiA), N-4898 Grimstad, Norway
Email: {xin.he; frank.li @uia.no

Abstract—While the benefits of cooperative diversity have been caused by multiple relay nodes with similar effective daties

well studied in the literature, cooperative MAC protocol design and hence the same slottime also leads to serious impairment

has attracted more and more attention recently. In single-relay ;

. X of the protocol performance in dense networks.
Cooperative Automatic Repeat reQuest (C-ARQ) protocol, the Bas:d on thepabove discussion, an optimal mapping scheme
best relay node is selected in a distributed manner by relays using ’ p pping

different backoff time before packet retransmission. Howeverthis ~ from relay channel condition to backoff time is required to
relay selection scheme does not work efficiently in a dense net-reduce the collision probability. Therefore, an optimaaye
work scenario, due to high collision probability among different  gelection scheme is proposed in this paper to improve the

contending relays. In this paper, we propose an optimized relay - AR performance in a dense network. Furthermore, the
selection scheme to maximize the system throughput by reducing '

the collision probability. The performance improvement in terms optimal maPpi“Q S.Cheme here applies to the abQV(_a mfantioned
of throughput and packet delivery ratio by the proposed optimal ~Protocols with similar problems. Hence, the optimizatian s
relay selection scheme is verified by simulations. lution study is of great significance. Analysis and simulasi
|. INTRODUCTION are conducted to evaluate the performance enhancemer of th
Cooperative communications are proposed as a distribufgdposed optimal scheme, in terms of network throughput and
way to achieve space diversity via distributed terminalse T packet delivery ratio.
theory behind cooperation has been studied in depth, andrhe rest of the paper is organized as follows. The system
significant improvement of system performance has beetodel is described in Sec. Il. After that, the cooperative
demonstrated in terms of throughput, network coverage aptbtocol is introduced in Sec. lll. The optimization prable
energy efficiency [1]. statement of the relay selection scheme is derived in Sec. IV
More and more attention has recently been paid to coognd the scheme performance is evaluated through simuation
erative Medium Access Control (MAC) design in distributeth Sec. V. Finally, the paper is concluded in Sec. VI.
wireless networks [2]- [5]. Among them, a Cooperative Auto-
matic Repeat reQuest protocol (C-ARQ) has been is proposed Il. SYSTEM MODEL AND ASSUMPTIONS
in [8] to deal with the three key issues on MAC layer. In S|.ngle The network shown in Fig. 1 is taken as an example to
relay C-ARQ, the relay nodes with successful reception cﬁ .
. . o . Mustrate the network topology and cooperation scendrie
the direct transmission from source to destination willkudic : .
. : o X network consists of a source node, S, a destination node, D,
different lengths of time before data retransmission, eding .
o : and several potential relay nodes;,RR;, ..., R,, randomly
to their instantaneous relay channel quality. Therefone, t . .
. IR %Jstrlbuted around O.
relay node with best relay channel quality will be selecte
automatically to forward the data packet. The C-ARQ scheme P

can provide high performance enhancement compared with ,-"';'/
the non-cooperative scheme in a sparse network. Howeser, It g {___'»-.,:
performance would be remarkably degraded in dense networks = 5 'D .
because of the high collision probability in its relay stitec Source ‘aj}"”
procedure.

In fact, collision among relays is a common problem thatex- 7 i
ists in a category of distributed path selection protocelsell Fig. 1. System Model for Cooperative Transmission.

on different lengths of backoff time [6] before transmissio h di . f S with the i ded
The collision happens when more than one relay node have t ggc direct transmission starts from 5, with the intende
same shortest backoff time, and hence transmit simultatgou es_tlnatlon as D If the direct transmission fails, theyelade

For example, the CoopMAC-Aggregation protocol in [7] ié/vh|ch has received the packet successfully and has the best

proposed for cooperative communication in Wireless Loc([.-fflay channel qua_lllty to D wil bg selected t9 forward the
Area Networks (WLANSs). There is a priority round in itspacket to D, following the cooperative retransmission qcot.

helper selection mechanism, where different slots ardtetlo ,_ _ .
This network topology is based on our previous work [9], vehere have

to d'ﬁe_rent helper groups acco_rdmg tO_ the effectlv_e qa@monstrated that it is more energy efficient to use relay nolise to the
transmission rate on each relay link. In this case, thesiofli destination in the context of cooperative retransmissiconk.



In this model, it is assumed that all nodes can hear eaitie cooperative transmission fails. In this case, S will get
other. The distance between any relay node and D is negigillccess to the channel again after DIFS interval.
compared to the distance between S and D. The channel3he message exchange sequence of the C-ARQ scheme with
between every transmission pair, i.e., between S and D,aSuccessful cooperative retransmission is illustrateeign 2.
and each relay node;Ras well as R and D, are assumed
to be independent of each other, hence full spatial diyersfe- Relay Selection Algorithm
can be achieved by data retransmission over another/otheThe relay nodes in C-ARQ are selected in a distributed
channel(s). Moreover, we assume the channels are stronglinner by using the instantaneous channel condition adatain
temporally correlated, i.e., consecutive packets on tmeesathrough the CFC packet sent from D. After the cooperative
channel are subjected to the same channel fading conditisiiase starts, each relay candidate gets its backoff tinig of

and hence identical packet error rate. according to its own relay channel condition.
1) backoff time function: In C-ARQ, the backoff time;l;
IIl. CooPERATIVEMAC PROTOCOLDESCRIPTION is defined as a function:
The C-ARQ protocol is proposed based on the Distributed | SNRiow  Tup 19 1
Coordination Function (DCF) scheme in WLANSs, to deal with *7 | SNR, slottime TSl (1)

the three key issues on MAC layer, i.e., when to cooperate

whom to cooperate with and how to protect cooperati : ) .
transmissions [8]. In this section, we first summarize the I the CFC packet received dl;; SNRio, is the threshold

ARQ MAC protocol, and then introduce its relay selectioﬁ’f SNR; for R; to participate in cooperative retransmission;
algorithm in details i'n the second subsection andn is the number of the relay nodes in the network. The

value of SNR,,., can be determined according to the specified
Modulation and Coding Schemes (MCSs) at the physical layer.
Tup in Eq. (1) is the upper bound of the backoff time for
The C-ARQ protocol procedure consists of two phasegsiay candidatesr;, in the basic C-ARQ scheme is set to
direct transmission and cooperative retransmission. Tde ¢e (DIFS-SIFS), in order to guarantee that the cooperative
operative retransmission only happens when the first dirggtransmission will not be interrupted by other nodes in the
transmission fails. It is brleﬂy presented in the fO”OWlﬂmUt network. The granu|arity df; is Speciﬁed to bealottime of the
how the protocol works. More details can be found in [8]. system in order to cover the propagation delay in the network
2) backoff time look-up table: The mapping fromSNR; to

here SNR; is the Signal-to-Noise Ratio (SNR) value in dB

A. Cooperative Automatic Repeat Request Scheme

DIFS B [DATA| L DIFS | DIFS T; can also be implemented through a look-up table, as shown
5 — s | ¥ in Table I.
D crR ACK] N TABLE |
I I MAPPING FROMSNR TO BACKOFF TIME.
R |S£§ DATA I R
b ISIFSTb | § SNR; [P1,00) | [92,91) [ [I3,-. | (Im,Pm-1)
[Pl | Backoff timeT; | first slot | second slot DIFS — SIFS
A SR |
! |

[
In Table. 1,9;,5 = 1,2,...,m are the threshold values of

Fig. 2. C-ARQ Basic Access Scheme. SNR; to have different backoff time, angy > 95 > ... > 9,,.
%.,, is the threshold value for the relay candidate to cooperate.
As the first step, S sends out a DATA packet to its destzach relay candidate gets its backoff tiffiby looking up the
nation D following the original DCF basic access scheme. #ibove table using its measured SNR value of the CFC packet
and only if the data packet is received erroneously at D, & index. It is obvious that the relay with highesVR,; will
will broadcast a Call For Cooperation (CFC) packet to invitget the first time slot and hence to transmit first.
other nodes in the network to operate as relay nodes and athe number of intervals divided among the SNR values
the same time to provide them the opportunity of measurimg Table. 1, m is determined by the durations of (DIFS-
their respective relay channel quality. Only relay nodest thSIFS) and slottime. The longest backoff time available Far t
have decoded the packet sent by S correctly become retajays is set to| 2E5=51F5 | sjots to give priority to coop-
candidates. According to the relay selection algorithng tterative retransmission. The boundaries involved in thideta
relay candidate with the best relay channel quality Rill ¥;,i = 1,2...,m, can be optimized to minimize the probability
first get channel access and forward its received packeteto tif two or more relays with the same shortest backoff time.
destination. After detecting the data packet from ¢ the For instance, in a network with 802.11g standard, the langes
channel, the other relay candidates will withdraw from thieackoff time is three time slots. Hence, two threshold v&lue
cooperation contention and discard their received packets; and,, need to be optimized. The optimization solution
D decodes the packet correctly after the best-relay-chaniseedependent on given network scenarios, such as the wareles
retransmission, D will return an ACK packet to S. Otherwisehannel quality and the density of the relay nodes.



IV. OPTIMIZATION PROBLEM STATEMENT We assume there ar€ nodes in the network. Let us denote

Let d denote the distance between the source node df§ number of nodes that correctly decode the packet/as
a receiving node. We assume an average path loss thaPiRce the channels from the source to different relays are
proportional tod®* wherea is the path loss coefficient. Forindependent, the event that one node successfully receives
brevity, we assume a Rayleigh fading channel with additife Packet is independent of others. Thus, the number of
white Gaussian noise (AWGN) on top of path loss, althou ccessful r_u_)des is actually subject to a binomial ditidbu _
our analysis can be extended to other fading channels such'3§ Probability thath nodes correctly decode the packet is

Rician or Nakagami.

N - M —— N-M
The average received SNR at the receiver can be written as (M) = <M> [l — PER,)|" [PER,)] )
5= %11}0‘), (2) B. Conditional Cooperation Retransmission Probability
*No

here P is th tion during RF t .. Inthe cooperative retransmission phase, Mfigelay nodes
where 7 1S thé power consumplion ounng ransmissiOy iy syccessful reception of the data packet will first measu

(1 —«) accounts for the efficiency of the RF power amplifiert,h ived sianal st th of the CEC ket denoted
W is bandwidth in Hertz available for transmissiolN is € recelved signa strength of the packet, denoted as

: . . X .0 = 1,2...,M, then contend for channel access using
the s_pectral power density of the G_aussu_in white hoise at ‘fsferent backoff timeT; according tov;. Here,~; represents
receiver, andG/ is a constant that is defined by the sign e instantaneous relay channel condition and follows @daim
frequency, antenna gains, and other parameters. distribution function in Eq. (4). The path loss factor is ne-

The mstan.talngoug,bre.celved. SNR under Rayleigh fading rlﬁécted in this case because of the short distance betwkssn re
an exponential distribution as: nodes and D. For convenience, we sgrtin the descending

fly) =1/3e77. (3) order, asy, >7s > 93... > Y.
The probability of the cooperative retransmission condi-
Substitutingy in Eg. (2) into Eq. (3), we can obtain: tioned on the direct transmission failure, denotedRas,,,
d*NoW vd® NgW is the probability that there is at least one relay node that

e TPr(i-o) — (O'd%e—Cd™

f)

O will transmit before DIFS-SIFS timeout after an unsucaoalssf
New direct transmission. The probability.,,, is equal to the
whereC = GPrii=a)" probability of the event that the relay node with the best
relay channel quality has higher SNR value than the threshol
A. Average Packet Error Rate value,?,,, and hence transmit before DIFS-SIFS. Considering

The exact closed-form PER in AWGN channels is difficulihe independence of the channels from the source to ditferen
to obtain. To simplify the analysis, we will rely on therejays, P, can be calculated as:

following approximate PER expression [10]:

T GPr(l-a)

Pcoo =P 19m =1—-P Sﬂm
1 if v <= lh c00p ! {'7113> <}19 . {271 > }
PER,(v) = (5) =1—-P{vi<Vp,i=1,2,....,M}

Bpe~ Y if gy > Atk M9,
) . ) . . . — 1 _ H/ Ce—C'Yid,yi (9)
wheren is the MCS index, and, is the signal to noise ratio =170
at the receiver. Parametefl, «,, and~*"* are dependent on 1 (1 7 e,Cﬁm)M
the specific MCS scheme and data packet length. o ’

Given an average SNR value, the PER performance at e Collision Probability among Different Relays

receiving node averaged over Rayleigh fading is given as: Collision will happen wheny, and+, have similar values,

i.e., two relays have the same backoff time. Therefore, the

PER (7) = /O PER(%)f(v) dv collision probability P.,; can be written as:

(6)
_ P e/ A m
—e +(1—e .
1+"$n'7 Pcol :ZP{'}/M’YQ S [ﬂjaﬂj—l)}v (10)
Since all the relays nodes are close to the destination, and J=1

the distance between them is negligible compared with tigheres, = co. To calculateP,,;, we have:

distance from source to destination, we assume the average

SNR is the same at all the receiving nodes in the direft{71,72 € [7;,7;-1)} = P{y1,72 <¥j-1} = P{m < V;}
transmission phase. Therefore, therage packet error rate, —P{9_1>m >} P{v2 <V|0;—1 >m >9,;}
denoted as’ER,., is also the same at the destination and other (12)

relay nodes. Substituting Eqg. (2) into Eq. (6), we have: ) . . . .
y g Ea. (2) a- (6) In the following, we derive the three items on the right side

PER, — PnCd®  yiru,0a) | (1 _ e—’)’;,th“) . (7) OfEd. 11step by step. As we defined,and is the maximal
Cd® + ky, and the second maximal values of the received signal stiengt



at all the relays, respectively. Hende{~,,v2 < 9,} is equiv- between two consecutive packet transmissions initiates ioy

alent toP {v1 <¥;}, and can be obtained as: this study, ancE[D] is the expected length of the virtual time
slot. For our proposed schemg[y| and E[D] are expressed
P{y,72 <¥j1} = P{n <¥;-1} as follows. v "
M 9j_1
oM H / =i, (12) E[)] = PDR.L; (17)
1=1 0

E[D] =(1 — PER,)E[D1] + PER,P,y0p E[D>)]
+ PER,(1 — Peyop) E[Ds);

where L is the payload length in bitsE[D,], E[D-] and
E[Ds] are the corresponding expected lengths of the virtual
time slot when the direct transmission succeeds, the direct
transmission fails with cooperative retransmission, ahe t
P{y <9j,i=2..,Mn > 9;} direct transmission fails without available cooperatietays,

= (1 — e_Cﬁjfl)]M . (18)

Similarly, P {~; < ¥,} can be easily obtained.

In Eq 11, P{’l?j,1 > 219]} = P{")/l <7~9j*1} —
P{y <9;}. And P {y, <9;[9;_1 >y >9;} can be cal-
culated as:

M-1 .9, o respectively. They can be calculated as:
= Ce=“idry;

L f e (3) EID\) = B0+ Tpara + Tacxk + SIFS + DIFS; (19)
— (] — e=Co\M - )
=(1—e %) . E[Dy] = E[D1] + Tpara + Tack + E[Ty) + SIFS; (20)

In this way, P,,; can be expressed as a function of distance
d, number of relays)/, number of thresholdsn, threshold E|Ds] = E[D1] + DIFS; (1)
valuesy;,j = 1,2,..,m — 1. AveragingP.,;over the distance where Tpar4a and Tacx are the transmission time for the
and the number of relays leads to: DATA and ACK packets, respectivelyy is the consumed
backoff time before each packet transmissi®{Tl};] is the
expected backoff time the relay node with the best relay

M
Peor(9;,m) =Y P(M)P.(9;,m, M,d . ; o
(05,m) ; (M) Peor (9, m ) channel quality used before its transmission, and can be

M m calculated as:
=Y P(M P{vi,v € [9;,9,_ i ‘ _
iz:; ( ) (; {71 72 [ 7277 1)}> E[Tb} — ZP{,—Yl c [ﬁj)ﬂj—l)}j . Slottzme’ (22)
(14) j=1
Thus, we derived the closed-form expression of the averavdgere’
collision probability among different relay nod&.,; as a P{y € [0;,9;-1)}
function of the threshold values;, j = 1,2...,m. =P{m <¥_1)} — P{m <)} (23)

D. System Performance Analysis =(1- e*Cﬁfl)M -(1- e*CﬁJ‘)M .

The performance of the cooperative retransmission protoco Finally, the throughput of the cooperative retransmission
is analyzed in terms of saturation throughput and Packéthemes), can be obtained by taking Egs. (19)(22) into Eq.
Delivery Rate (PDR) at the MAC layer in this subsection. (18), and then substituting Egs. (17) and (18) into Eq. (16).

The PDR of the cooperative scheme is the sum of the packet optimmization Satement
successful rate in the direct phase and the additional ssftde . . ,

e : o Based on the analysis in the preceding subsections, the
probability in the cooperative retransmission phase. Noae .
: . T average network throughput is dependent on the threshold
in our analysis, no data corruption is assumed on the relag ) . . X
values;, j = 1,2...,m with given noise powerNyW, the

channels from Rto D due to short distances. That is, a;

. . o distance from S to D¢, number of relay nodesy, and so
failure of the cooperative retransmission is only caused %¥] With given relav topoloqv in the network and channel
the collision among different relays due to the imperfetaye _ ° g Y topology

selection scheme conditions, the throughput can be expressed in a function of
’ 94,7 = 1,2...,m, and optimal values off; should be derived
PDR. =1~ PER, + PER, Pepop(1 — Pooy). (15) to maximize the system throughput. The optimization proble

_ _ can be shown as follows:
The normalized system saturation throughput, denoted b¥\/axi mi ze {n(0;,m)},j=1,2,...,m—1

7, is defined as the successfully transmitted payload bits per )
time unit, and can be written as: subject to: (V41 —7;20,j=12,..m~-1).
E[y] . As men_tioned in Sec. ll, t_he number of threshold valuaeg,
n= m, (16) is determined by the durations of (DIFS-SIFS) and slottime.
In our study, we use 802.11g system as an example, and
whereE[y)] is the number of payload information bits successwo parametersy; andd,, will to be tuned to optimize the
fully transmitted in a virtual time slot, i.e., the time im@@l network throughput.

(24)
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Fig. 3. Average Collision Rate with Different Threshold Mas €}/ No=0). Fig. 5. Throughput Performance ComparisiciiMR;,,,=2.0 dB).

optimal values of the threshold SNR are obtained through the
analysis in Sec. IV. It can be observed that the optimal relay
scheme has shown significant advantage over the original DCF
protocol in a dense network, while C-ARQ has no benefits

from cooperative retransmission, due to the high collision

probability.

0.2

Packet Delivery Ratio (PDR)

o
B

VI. CONCLUSIONS

Collisions among different relay nodes can degrade the
network performance remarkably in a cooperative network
with high density of relay nodes. In this paper, we presented
a complete analysis of the C-ARQ protocol performance with
impairment resulting from collision. Thereby, an optimize-
lay selection scheme is proposed to maximize system through

V. SIMULATIONS AND NUMERICAL RESULTS put, which can also be adopted in other cooperative prasocol

The simulation parameters are set up according to twéth similar problems. The performance improvement by the
802.11g standard, as listed in Table Il. S and D are placptbposed optimal relay scheme is verified by simulations.
300 meters apart from each other. The relay nodes are placed
randomly within a radius of 30 meters around the desti- ) o
nation node. The channels between each transmission sin: L47eran, .. € Tse and . vt wornel, ‘Cooperabierly
are implemented as independent Rayleigh fading channels. Trans. inform. Theory, Vol. 50, No. 12, pp. 3062-3080, Dec. 2004.
QPSK and Convolutional Code (CC) 1/2 is adopted, with tH&l S. Valentin, H. S. Lichte, and H. Karl, “Cooperative Wies Networking

. th 3 Beyond Store-and-forward: Perspectives in PHY and MAC @®si
CorresPondmﬁ”' K”,and’yn from Eq. (5) asr.2 x 10%, 5.3, Wireless Personal Communications, Vol. 48, No.1, pp. 49-68. 2009.
and 2.0 dB, respectively. M. Dianati, X. Ling, and K. Naik, “A Node-cooperative ARGcheme
for Wireless Ad Hoc Networks’lEEE Trans. Comm., Vol. 55, No. 3, pp.
1032-1044, May 2006.

[4] J. Alonso-Zarate, E. Kartsakli, and C. Verikoukis, “Bistent RCSMA:

10 -20

SNR threshold theta2 (dB) SNR threshold thetal (dB)

Fig. 4. PDR with Different Threshold Valuez{/Np=0).
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